To reveal the genetic regions controlling eating quality of japonica rice and to establish a system for markerassisted selection (MAS), we conducted a QTL analysis for eating quality of Koshihikari, a leading cultivar in Japan. We used a recombinant inbred population consisting of 92 lines derived from a cross between two closely related japonica cultivars, Moritawase (low eating quality) and Koshihikari. We evaluated overall eating quality (OE), glossiness (GL), taste (TA), stickiness (ST), and hardness (HD) of the lines over 3 years by sensory tests. QTL analysis revealed 43 QTLs on 16 regions across all chromosomes except chromosome 5. QTLs on chromosomes 1, 3, 6, 7, and 10 were detected in multiple years. The Koshihikari alleles at 37 QTLs increased the eating quality. Further QTL analysis revealed 8 QTLs for textural characteristics of cooked rice and 3 for the amino acid ratio of polished rice. Those on chromosomes 1, 3, 6, and 7 were located near the QTLs for eating quality.
Introduction
High eating quality is one of the main objectives of rice breeding in Japan. Koshihikari is the most commonly grown japonica cultivar in Japan, and is used as a major genetic source for improving eating quality. Its cooked rice is soft, sticky, and tasty. These characteristics lead to the high evaluation of its eating quality. Eating quality is usually evaluated by sensory tests of cooked rice (Matsue 1992 , Yamamoto et al. 1996 , in which appearance (glossiness), taste, stickiness, and hardness are tested and scored to provide an overall grade of eating quality. However, a sensory test requires several hundred grams of polished rice and considerable labor to polish, cook, and evaluate each of the many samples that can be derived in the F 4 -and F 5 -generation breeding materials. Furthermore, genetic information on the eating quality of Koshihikari is limited, and the efficient selection of cultivars with high eating quality has proved difficult, because the eating quality is under a complex genetic control (Yamamoto and Ogawa 1992) .
Recently, several studies have been carried out to identify QTLs for eating quality. Wan et al. (2004) identified 5 stable QTLs for eating quality by using chromosome segment substitution lines (CSSLs) derived from a cross of Asominori (japonica) and IR24 (indica). Tanaka et al. (2006) revealed 2 QTLs for stickiness by using double-haploid (DH) lines derived from a cross between Akihikari (japonica) and Koshihikari (japonica). Takeuchi et al. (2007) found 21 QTLs for eating quality by using backcross inbred lines (BILs) derived from a cross of Koshihikari/Kasalath (indica)// Koshihikari and CSSLs (Ebitani et al. 2005) . DNA markers closely linked to these QTLs make it possible to develop rice cultivars with high eating quality more efficiently.
Several kinds of physicochemical properties have been evaluated to accelerate rice breeding. Wada et al. (2006) reported that textural characteristics, showing the physical properties of cooked rice, were better correlated with eating quality than amylose content and protein content of polished rice. As these physical properties are strongly correlated with eating quality, they can be evaluated effectively using sensory tests. On the other hand, taste is difficult to evaluate in a sensory test, because its evaluation sometimes varies due to the difference of panelists group (Matsue and Ogata 1998) . Okazaki and Oki (1961) investigated the influence of cultivars and production region on amino acid content and revealed that there were some differences of amino acid content and ratio among rice cultivars. Matsuzaki et al. (1992) reported that the cultivars with high amino acid content had high eating quality. Those reports suggest that amino acid content could affect the eating quality in addition to the taste of cooked rice.
Genetic information on the eating quality of Koshihikari is still limited. To breed japonica cultivars in Japan, DNA markers that can be used among closely related lines need to be developed. In this study, we used the population derived from a cross between closely related japonica cultivars, Moritawase and Koshihikari, and performed QTL analyses to detect QTLs for eating quality, textural characteristics, and amino acid content of Koshihikari and to identify DNA markers linked to those QTLs.
Materials and Methods

Plant materials
We used 92 recombinant inbred lines (RILs; F 7 , F 8 , and F 9 ) developed from the cross of Moritawase (japonica)/ Koshihikari (japonica) by means of the single seed descent method. Koshihikari is derived from a cross between Norin 1 and Norin 22, and Norin 1 is derived from a cross between Moritawase and Rikuu 132. That is to say, Koshihikari is an F 2 line descended from Moritawase. Both cultivars mature early in Fukuoka prefecture (lat. 33°N), Japan, and show similar grain size and shape. However, there are many differences in their eating quality (Matsue 2000) ; the cooked rice of Koshihikari is softer and stickier and has a better eating quality than that of Moritawase.
Field experiment
A field experiment was performed at Fukuoka Agricultural Research Center, Fukuoka Prefecture, in 2004 , 2005 . RILs were sown on 12 May and transplanted on 10 or 11 June each year: F 7 in 2004, F 8 in 2005, and F 9 in 2006. Each RIL, containing 44 plants, was grown in a sandy paddy field in a randomized block design. The spacing was 30 cm between rows and 14 cm between plants in each row. Nitrogen was applied at 2.5 g/m 2 . Weeds, insects, and diseases were controlled as necessary. Thirty-six plants from each RIL were harvested at maturity and assayed in a sensory test.
Evaluation of eating quality
The sensory test was performed as described by Yamamoto et al. (1996) and Matsue (1992) . Each sensory test compared one standard cultivar (Nipponbare) and nine RILs or their parents. The brown rice was polished to a yield of ~90%. The white rice was washed several times and soaked for 40 min before cooking in an electric rice cooker (RZ-YM15; Hitachi, Tokyo, Japan) at a ratio of white rice to water of 1 : 1.35 (w/v). The cooked rice was eaten by 13 to 20 adult panelists who were selected for their ability to discriminate eating quality differences among cultivars (Oosato et al. 1998) . Glossiness (GL) was estimated by the shininess of the cooked rice, and taste (TA), stickiness (ST), and hardness (HA) by chewing. Overall eating quality (OE) was derived from these four properties. Each property was scored between −3 and +3, where 0 meant the same as Nipponbare. Mean scores of all panelists were used as trait values in the following QTL analysis.
Evaluation of textural characteristics and amino acid content
Textural characteristics were measured with a texturometer (GTX-2; Taketomo Electric, Tokyo, Japan) by the method of Endo et al. (1980) . The raw data were converted into a hardness-to-adhesion ratio (H/-H) and a hardness-toadhesiveness ratio (H/A3) according to Endo et al. (1980) . The logarithms of the ratios were used for the QTL analysis. Amino acids were extracted in 50% ethanol from 200 mg of polished rice flour, and measured by high-performance liquid chromatography (ALC-1000; Shimadzu, Kyoto, Japan). Matsuzaki et al. (1992) reported that amino acid ratio was correlated with eating quality. So we calculated the ratio of glutamine + asparagine to the total amino acid content for the QTL analysis.
DNA isolation and genotyping
Rice genomic DNA was extracted from mature leaves of F 5 plants of each RIL by the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson 1980) . PCR amplification used 40 ng DNA, 0.4 μM each primer, 100 μM each dNTP, 10 mM Tris·HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , and 0.5 units Taq DNA polymerase (TaKaRa, Kyoto, Japan) in 20 μL of reaction mixture. The amplification profile was as follows: 5 min at 94°C; 35 cycles of 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C; and a final 5 min at 72°C. PCR was performed in a PC-808 thermal cycler (Astec, Fukuoka, Japan). Amplified products were electrophoresed in 3.0% agarose gel or 12.0% polyacrylamide nondenaturing gel. Agarose gels were stained with ethidium bromide (EtBr), and polyacrylamide gels with Vistra Green (GE Healthcare, Pennsylvania, USA).
QTL analysis
The physical map was reported in our previous study (Wada et al. 2006) . It is composed of 119 polymorphic SSR markers and covers nearly 80% of the rice SSR maps constructed by McCouch et al. (2002) . We performed QTL analysis with this map and genotype data. Composite interval mapping was carried out using Windows Cartographer 2.0 (Basten et al. 1998 ) with forward and backward regression. In our linkage map, average marker distance was less than 10 cM (Wada et al. 2006) , and the density of markers was enough for the following QTL analysis. however, the distance between two markers was more than 30 cM in some regions. A QTL was declared when the LOD score was ≥ 2.0 to adopt as many candidate regions as possible as QTLs. Regions significant in at least 1 year were evaluated as QTLs. When we detected one QTL for one trait in the same locus in multiple years, we regarded it as one QTL, not more than two, but we distinguished QTLs for different traits, even if they were detected in the vicinity of the same chromosome. QTL nomenclature was based on the 'gene nomenclature system for rice' reported by McCouch and CGSNL (2008) . Table 1 shows days to heading (DTH), the eating quality and physicochemical properties of the RILs and their parental lines in 2004 to 2006. Although DTH of Moritawase was quite similar to that of Koshihikari, the DTH of RI populations were distributed widely beyond both parents. The cooked rice of Koshihikari was softer, stickier, and tastier and showed better glossiness than that of Moritawase. As a result, OE of Koshihikari was superior to that of Moritawase. The textural scores of Koshihikari were lower than those of Moritawase, and its amino acid ratio was higher. Table 1 and Figure 1 show the distribution of the RILs scores of each property in 2004. Most of the properties showed a continuous distribution that was mostly within the range of the parents, although the amino acid ratio ranged widely beyond both parents.
Results
Phenotypic variance
The coefficients of correlation between the eating quality properties and the physicochemical properties of the RILs were significant in all 3 years (Table 2) . Textural characteristics (H/−H and H/A3) were negatively correlated with OE, GL, TA, and ST, but were positively correlated with HA. Conversely, the amino acid ratio was positively correlated with OE, GL, TA, and ST and negatively correlated with HA.
QTL analysis
Composite interval mapping revealed 6 QTLs for DTH, 43 QTLs for five eating quality traits ( Fig. 2 and Table 3 ) and 11 QTLs for physicochemical properties (Fig. 3 and Table 4 ).
QTLs for DTH and eating quality
QTLs for DTH were defined on chr. 1, 2, 6, 7, 8 and 12. The QTL on chr. 6 (qHD6) was mapped on the same locus in all three years and its additive effect was relatively higher than other QTLs. Koshihikari alleles at most of the QTLs increased DTH except for QTLs on chrs. 1 and 8. QTLs for eating quality were detected on all chromosomes except chr. 5 (Fig. 2) . Koshihikari alleles at 37 of the 43 QTLs increased eating quality. Five QTLs (qOE3, qGL3, qTA3, qST3, and qHA3.1) on chr. 3 were most frequently detected in 2 or 3 years. They explained approximately 12% of the total phenotypic variance. The nearest marker was RM4108, on the terminal region of the short arm of chr. 3. Four QTLs (qGL1.1, qTA1, qST1, and qHA1; nearest marker, RM8133) were detected in the central region of chr. 1, and two (qOE1 and qGL1B; nearest marker, RM8144 or RM246) were mapped in the middle of the long arm of chr. 1. Seven QTLs (qOE6, qGL6, qTA6.1, qTA6.2, qST6.1, qST6.2, and qHA6) on chr. 6, three (qGL7, qTA7, and qHA7) on chr. 7, and four (qOE10, qGL10, qTA10, and qST10) on chr. 10 were detected in at least 2 years. Four QTLs (qOE2, qGL2, qTA2, and qST2) on chr. 2, one (qOE4 and qST4) on chr. 4, and six (qOE12.1, qOE12.2, qGL12.1, qGL12.2, qTA12, and qST12) on chr. 12 were identified in only 1 year. Koshihikari alleles increased eating quality at all these QTLs. On the other hand, Moritawase alleles at six QTLs (qHA2, qHA3, qST8, qHA8, qST9, and qGL11) increased eating quality, all of which were mapped in only 1 year.
QTLs for physicochemical properties
QTLs for physicochemical properties were detected on chrs. 1, 3, 6, 7, and 8 ( Fig. 3 and Table 4 ). QTLs for textural characteristics were mapped on chrs. 1, 3, 6, and 7. All QTLs were located near the QTLs for eating quality (Fig. 2) , with the same nearest markers (Table 4 ; RM4108 on chr. 3, SSR108 and RM8101 on chr. 6, RM5847 on chr. 7), except on chr. 8 (qHV8). Koshihikari alleles decreased the trait values at all QTLs. Those tendencies supported the relationship between eating quality and textural characteristics of the RILs. Similarly, QTLs for the amino acid ratio were detected on chrs. 3, 6, and 7; all were near the QTLs for eating quality and textural characteristics, with the same nearest markers. Koshihikari alleles increased trait values at all QTLs. Those tendencies also supported the relationship between eating quality and amino acid ratio of the RILs. The QTLs on chr. 3 explained around 20% of the total phenotypic variance, higher than in the other regions.
Discussion
Koshihikari is a leading rice cultivar throughout Japan because of its high eating quality, and is used in rice breeding programs. Thus, it is necessary to investigate the genetic Table 1 . **,*: significant at 1%, 5% level, respectively. factors controlling its eating quality in order to develop new rice cultivars efficiently. A number of studies have focused on genetic regions linked to eating quality of rice (Wan et al. 2004 , Tanaka et al. 2006 , Takeuchi et al. 2007 ), but Wan et al. (2004) and Takeuchi et al. (2007) performed QTL analyses using genetic materials derived from crosses between japonica cultivar and indica cultivar. Then there is only one report of Tanaka et al. (2006) in which QTL analysis for eating quality was carried out using genetic materials derived from a cross between japonica cultivars. Moreover, the information of the relationship between genetic regions of eating quality and those of physicochemical properties is still limited. So we tested RILs derived from a cross between japonica cultivars Moritawase (low eating quality) and Koshihikari (high eating quality) and carried out genetic analysis to reveal the genetic regions controlling eating quality and physicochemical properties. All eating quality scores showed continuous segregation (Fig. 1) , suggesting that many loci in the rice genome contribute to eating quality.
QTL analysis revealed 43 QTLs controlling eating quality, found on all chromosomes except chr. 5. This result shows that eating quality is controlled by many regions of the rice genome and is a complex trait. Koshihikari alleles at 37 QTLs and Moritawase alleles at the other 6 improved eating quality (Fig. 2 , Table 3 and Table 4 ). qOE3, qGL3, qTA3, qST3, and qHA3.1 were most frequently identified in the 3 years. Takeuchi et al. (2007) detected a stable QTL for eating quality on chr. 3 by using CSSLs derived from a cross between Koshihikari (japonica) and Kasalath (indica). As they performed their QTL analysis with an RFLP linkage map, we could not compare the locations precisely. But their QTLs were located on the terminal region of the short arm of chr. 3, where we detected QTLs for eating quality in our RILs. Furthermore, we detected QTLs for textural characteristics and amino acid ratio, which are correlated with eating quality. This suggests that a critical genetic region for eating quality is located on the short arm of chr. 3. Moreover, there were no mapped QTLs for DTH on chr. 3 in this study, so it can be estimated that QTLs for eating quality on chr. 3 are not affected by DTH. Additional QTLs for eating quality on chrs. 1, 6, 7, and 10 were identified in at least 2 years. In addition, we detected QTLs for textural characteristics and the amino acid ratio on chrs. 1, 6, 7, and 8. Takeuchi et al. (2007) also detected a QTL for eating quality on chr. 6 in the same genetic materials, and moreover, Tanaka et al. (2006) detected a QTL for eating quality in the same region of chr. 6 with DH lines derived from a cross between Akihikari and Koshihikari. We estimate that the QTLs on chr. 6 detected in this study lie in the same region as Takeuchi et al. (2007) and Tanaka et al. (2006) previously reported. At the distal end of the short arm of chr. 6, many QTLs for DTH were detected (Monna et al. 2002 , Ebitani et al. 2005 , Tanaka et al. 2006 , Wada et al. 2006 . Furthermore, we detected stable QTLs for DTH on chr. 6 in this study. Except for Monna et al. (2002) , those studies used genetic materials derived from Koshihikari. Therefore, we suggest that the QTLs for eating quality on chr. 6 might be influenced by DTH. On the other hand, there are several starch synthase-related genes on the short arm of chr. 6, including waxy (Juliano 1985 , Sano 1984 , starch synthase I (Baba et al. 1993 , Tanaka et al. 1995 , and starch synthase IIa (Umemoto et al. 2002) . These genes affect the amylose content or amylopectin chain length in rice endosperm. Further studies are needed to characterize the complicated function of the QTLs on chr. 6.
In contrast, there are no reports of QTLs on chrs. 1, 7, or 10. We conclude that those QTLs are novel QTLs for eating quality of Koshihikari. On chr. 7, we detected QTLs for textural characteristics and the amino acid ratio. More investigations are needed to elucidate the relationship between eating quality and physicochemical properties.
Although QTLs on chrs. 2 and 12 were detected in only 1 year, many of them were detected simultaneously. Tanaka et al. (2006) detected significant QTLs for the stickiness of cooked rice on chr. 2, near where we detected a QTL for eating quality. In addition, we previously reported a QTL for the protein content of rice grains on chr. 2 (Wada et al. 2006) . The experiment of Tanaka et al. (2006) was performed in Fukui prefecture, which is far from Fukuoka, and protein content of rice grains is affected by nitrogen supply (Ishima et al. 1974) . We suggest that the effects of those QTLs are regulated by environmental conditions. At six QTLs (qHA2, qHA3, qST8, qHA8, qST9, and qGL11) that were detected in only 1 year, Moritawase alleles increased eating quality, although Moritawase has a lower eating quality than Koshihikari. This offers the possibility of improving the eating quality of Koshihikari by using other genetic sources from among japonica rice.
Previously we detected QTLs for amylose content in rice endosperm on chrs. 3 and 9 (Wada et al. 2006) . The QTL on chr. 3 is located in the middle of the short arm, so it might be different from the QTL for eating quality we detected here. But we detected one QTL for eating quality on the terminal region on the short arm of chr. 9, in the same region as the QTL for amylose content that we detected (Wada et al. 2006) . This is a QTL for stickiness, which is controlled mainly by amylose content. These findings indicate that QTLs for amylose content on chr. 9 might affect eating quality, especially the stickiness of cooked rice. Further studies should be conducted to elucidate the relationship between amylose content and eating quality among japonica cultivars.
QTLs for DTH on chrs. 2, 7, 8 and 12 were identified in the vicinity of QTLs for eating quality as QTLs on chr. 6. Although these QTLs were detected in only one or two years and might have minor effects on the heading date, compared with QTLs on chr. 6., the relationship between days to heading and eating quality should be studied in further analysis because DTH could affect the chemical components of rice grains, such as amylose and protein content, which could also affect eating quality.
In ordinary programs for the breeding of japonica rice cultivars, eating quality is evaluated with a sensory test. As the sensory test is time-consuming and laborious, MAS is needed to make breeding programs more efficient. We detected several QTLs for eating quality in this study. The most critical region for eating quality was on chr. 3. DNA markers tightly linked with those QTLs will be useful for breeding japonica cultivars with high eating quality. To characterize the QTLs identified here and to identify their chromosomal locations precisely, we are now developing near-isogenic lines that carry each QTL.
